[1] Large sets of filtered actinometer, filtered pyrheliometer and Sun photometer measurements have been carried out over the past 30 years by various groups at different Arctic and Antarctic sites and for different time periods. They were examined to estimate ensemble average, long-term trends of the summer background aerosol optical depth AOD(500 nm) in the polar regions (omitting the data influenced by Arctic haze and volcanic eruptions). The trend for the Arctic was estimated to be between À1.6% and À2.0% per year over 30 years, depending on location. No significant trend was observed for Antarctica. The time patterns of AOD(500 nm) and Å ngström's parameters a and b measured with Sun photometers during the last 20 years at various Arctic and Antarctic sites are also presented. They give a measure of the large variations of these parameters due to El Chichon, Pinatubo, and Cerro Hudson volcanic particles, Arctic haze episodes most frequent in winter and spring, and the transport of Asian dust and boreal smokes to the Arctic region. Evidence is also shown of marked differences between the aerosol optical parameters measured at coastal and high-altitude sites in Antarctica. In situ optical and chemical composition parameters of aerosol particles measured at Arctic and Antarctic sites are also examined to achieve more complete information on the multimodal size distribution shape parameters and their radiative properties. A characterization of aerosol radiative parameters is also defined by plotting the daily mean values of a as a function of AOD(500 nm), separately for the two polar regions, allowing the identification of different clusters related to fifteen aerosol classes, for which the spectral values of complex refractive index and single scattering albedo were evaluated. Citation: Tomasi, C., et al. (2007), Aerosols in polar regions: A historical overview based on optical depth and in situ observations,
Introduction
[2] Aerosol particles are known to cause significant effects on the radiative balance of the Earth, both directly, through scattering and absorption of short-wave and longwave radiation [Charlson et al., 1992] , and indirectly, by acting as condensation nuclei. The indirect effect (1) enhances the liquid water content of clouds, (2) favors an increase in cloud duration, and (3) strongly influences the heterogeneous chemistry of the atmosphere [Schwartz et al., 1995] .
In Polar regions, where the surface albedo can exceed 0.85 in areas covered by snow and ice, aerosols may produce appreciable warming at the surface, if highly absorbing particles are suspended above these bright surfaces due to multiple reflection [Chylek and Coakley, 1974; Randles et al., 2004] . While such effects are due mainly to the direct scattering and absorption of incoming solar radiation, exchanges of thermal radiation between the surface and atmosphere enhance heating below dense aerosol layers. It is important to determine the radiative properties of particles within the entire atmospheric column to evaluate accurately the radiative forcing induced by the mixture, both at the top (TOA) and bottom (BOA) of the atmosphere [Russell et al., 1999; Bush and Valero, 2002] .
[3] To provide valid simulations of TOA and BOA forcing, it is essential to define the aerosol optical and physical parameters (spectral aerosol optical depth (AOD), size distribution, single scattering albedo, asymmetry factor and phase function) and also the spectral and angular dependence of surface reflectance. Improving our knowledge of polar aerosols and their radiative impacts is important in order to arrive at a more realistic evaluation of changes in the Earth's radiative balance, especially in an age when polar albedo is decreasing because of reductions in sea ice and snow cover [e.g., de la Mare, 1997; Robinson, 1997; Vinnikov et al., 1999; Hu et al., 2004; Serreze et al., 2003; Holland et al., 2006] .
[4] To address topics related to the radiative forcing by Polar aerosols in particular, a program referred to as POLAR-AOD has been approved as a major (''cluster'') project to be undertaken during the International Polar Year (IPY). This project has been designated # 171 and is planned over the period from March 2007 to February 2009 (see IPY web page, http://www.ipy.org/development/ eoi/proposal-details.php?id=171). The primary goal of this effort is to define ''the means, variability, and trends of the climate-forcing properties of aerosols in polar regions.'' Activities will involve numerous cooperative institutes, including 40 research groups from 22 countries. The most specific tasks will include the following: (1) perform regular measurements of AOD, Å ngström's turbidity parameters a and b, and other radiative parameters (Sun photometer intercalibration campaigns and adoption of common protocols to process field data); (2) improve in situ optical and chemical measurements to augment the knowledge on the radiative properties of columnar aerosols; (3) characterize the polar aerosol of different origins, in terms of size distribution, composition and radiative behavior; and (4) establish a data archive of spectral Sun photometer measurements, in situ measurements and derived radiative parameters of aerosols observed in the Polar atmosphere.
[5] Such activities will expand the network and complement the activities already underway under the Global Atmosphere Watch (GAW) program. In support of these tasks, 14 research groups, now working in the context of a POLAR-AOD IPY network, have contributed results from their historic and ongoing measurements of aerosol radiative properties (e.g., spectral AOD, a and b). Some of the groups have been performing measurements at Arctic and Antarctic sites for over 30 years, having a long-standing experience in using multiple wavelength solar radiometers. Equipped with low drift combinations of well blocked interference filters and stable and reliable solid state detectors, these instruments have provided data which were examined following the Sun photometry criteria and the operational procedures defined by Shaw et al. [1973] . The groups are listed in Table 1 , together with the main spectral characteristics of the radiometers employed (filtered pyrheliometers, actinometers, Sun photometers, Sun and sky radiometers, and star radiometers) and the stations where the instruments are located. Describing the most significant results found by the POLAR-AOD groups during the last decades is the primary focus of this paper. Complementary in situ measurements by other entities listed in Table 2 are included to show their consistency with the AOD measurements, and to give an idea of how an overall picture of the radiative, microphysical and chemical parameters of polar aerosols can be developed. Such analyses are useful when evaluating radiative forcing by aerosols and are needed to reduce uncertainties in climate predictions. Measurements and analysis for the Arctic are given in section 2, and for the Antarctic sites in section 3. Section 4 presents a summary of the polar region aerosol and, in particular, reveals how there is a systematic relationship between the Å ngström exponent a and AOD which may form the basis of a parameterization of aerosols for climate studies.
Arctic Aerosols

Arctic Aerosol Optical Depth AOD: Seasonality and Long-Term Trends
[6] Long-term measurements of atmospheric turbidity were performed from 1977 to 1991 at the stations of Severnaya Zemlya, Dikson Island, Kotel'ny Island, and Wrangel Island, all situated along the Siberian coast of the Arctic Ocean, and at Vaida Bay on the Barents Sea coast. The measurements were carried out using thermoelectric actinometers equipped with a set of glass bandpass filters, having short-wavelength cutoffs at 0.38, 0.47, 0.53, 0.63. and 0.71 mm. Monthly mean values of aerosol optical depth AOD at the 500 nm wavelength, and Å ngström's parameters a and b were derived from these actinometric measurements [Radionov and Marshunova, 1992; Radionov et al., 1994; Radionov, 2005] . The interannual variability of the monthly mean AOD at Severnaya Zemlya, Dikson Island and Kotel'ny Island for 1981 -1991 is shown in Figure 1 . The results clearly indicate that AOD(500 nm) is considerably higher during late winter and spring than in summer, ranging between about 0.10 and 0.30 and between 0.05 and 0.15, respectively. The enhanced turbidity from January to May results from episodes of Arctic haze.
[7] The time series of monthly mean values of AOD(500 nm) for the Siberian stations are again shown in Figure 2 for comparison with two other time series, one from Barrow, Alaska, and the other from Ny Å lesund, Spitsbergen in the Svalbard Archipelago (Norway). Assuming only the summer months, July to September, which present clean air background conditions, and discarding the data relative to the 1982-1984 and 1992-1994 periods, during which the AOD measurements were strongly affected by stratospheric particle extinction due to the El Chichon and Pinatubo volcanic eruptions, respectively [Stone et al., 1993] , these segments were fitted linearly to examine trends for the Siberian stations, Barrow and Ny Å lesund. [Tomasi et al., 1983] , ASP-15WL , PREDE POM 01L [Di Carmine et al., 2005] SP1A , SP2H , STAR01 SP01-A [Stone, 2002] , SP01-A, SP02 [Dutton et al., 2004] , SP02, ISAC-NOAA 367 -865, 413 -865, 412 -862, 368 -1050 , 368 -1050 Barrow ( filtered actinometer M-3 and Sun photometers [Radionov and Marshunova, 1992; Radionov, 2005] . [Dutton and Christy, 1992] yielded an average trend of À1.6% per year over the 25-year period from 1977 to 2002, while the regression line obtained for the AWI data set was found to have an average slope coefficient of À2.2% per year, over the period from 1991 to 2006. The results offer evidence of a long-term decreasing trend of the background values of AOD measured for cloudless background conditions (i.e., unperturbed by volcanic events, Arctic haze occurrence or forest fire episodes), which can be estimated to be approximately within À1.6% and À2.0% per year over the last 30 years, as a consequence of the gradually diminishing emissions of pollutants in the continental areas.
[9] In order to check the reliability of these results, it was decided to analyze the series of monthly average values of the volume scattering coefficient s s (550 nm) downloaded from the NOAA/GMD archive (see Barrow archive web page, ftp://ftp.cmdl.noaa.gov/aerosol/brw/archive/), determined through nephelometer measurements performed at Barrow over the period 1976 -2005 . Analyzing the overall data set relative to the summer months, the regression line was found to have a positive slope coefficient, equal to +1.5% per year. However, considering only the values of s s (550 nm) 2 Mm À1 , pertaining to the best transparency conditions of the atmosphere (background aerosols) and, hence, not including enhanced extinction effects due to optically dense aerosols and boreal smoke particles, a negative slope coefficient was determined, equal to À1.0% per year, which satisfactorily agrees with the negative trends obtained in Figure 2 .
[10] The ''long-term'' measurements presented in Figure 2 show very clearly that a strong AOD contribution was given by the volcanic particles generated by the El Chichon and Pinatubo eruptions in 1982 and 1991, respectively, followed by evident decay features in the subsequent 2 -3 years [e.g., Stone et al., 1993] , eventually vanishing as a result of dispersion by atmospheric winds and removal by scavenging/precipitation. In addition, Figure 2 shows that AOD(500 nm) assumes rather high values varying mainly between 0.12 and 0.25 during the winter and spring months, as a result of the numerous Arctic haze episodes, which are comparable to those usually measured at midlatitude stations of the continental areas in the Northern Hemisphere. In fact, these episodes are often associated with the intense transport of pollutants from the midlatitudes to the high latitudes, occurring in a seasonal period in which the atmosphere cleaning due to the scavenging of particles by precipitations is particularly weak.
[11] In addition to the historic Siberian actinometric measurements of the atmospheric turbidity parameters, more precise spectral measurements of AOD have been made by some of the groups listed in Table 1 . The daily 1976 -1998 ), TSI nephelometer (1997 , Aethalometer (1988 Aethalometer ( -1999 , PSAP (1997 -present) Figure 3 , for various periods between 1991 and 2006. The time series from Ny Å lesund clearly show the incursion and subsequent decay of the Pinatubo aerosol after the 1991 eruptions. More recent composite plots define the periods of enhanced turbidity in late winter and spring, resulting from Arctic haze occurrence. These features agree closely with the seasonal trends of AOD(500 nm) determined by Shaw [1982] at Barrow and Fairbanks, in Alaska. Springtime peaks sometimes overlap or are caused by the arrival of dust plumes from Asian deserts and, in late spring and summer, by smoke from fires that burn millions of hectares of boreal forest each year across North America and Siberia. Such events are discussed in section 2.4.
Covariance of AOD and Å ngström Parameters in the Arctic
[12] The spectral series of AOD measured each day at the above eight stations were examined to derive the corresponding values of atmospheric turbidity parameters a and b, following the best fit procedure based on the wellknown Å ngström [1964] formula, which represents the spectral values of AOD as products of b by the inverse power of wavelength l (measured in mm) with exponent a. This parameter defines the average slope of the spectral dependence curve of AOD and, therefore, its high values indicate the optical predominance of the fine particles over those of larger sizes (i.e., large accumulation and coarse particles), while low values of a indicate the opposite behavior. Parameter b is in practice an average estimate of AOD at unit wavelength and can be used to evaluate the amount of aerosols suspended in the vertical atmospheric column, revealing in some cases the presence of thin clouds [Shiobara et al., 2006] . These measurements are examples of the large increase in AOD caused by the arrival of air masses from Europe, without appreciable changes in the wavelength dependence features of the aerosol extinction along the vertical path. This exceptional Arctic haze episode is examined more carefully in subsection 2.4.3.
[13] At sites where measurements of AOD were taken at fewer wavelengths, parameter a was estimated in terms of a simple pair of AOD values, one taken at a visible wavelength (l $ 412 nm) and the other in the near-IR (l $ 675 nm). The range of values for a will depend on the wavelengths used [Hand et al., 2004] and also on the shape of the size distribution, which may have multiple modes [Stone, 2000] . Therefore any comparison of a derived by different methods and/or for different wavelengths must be viewed with caution.
[14] From the daily sets of AOD(500 nm), a and b measured at each station, the daily mean values of the three parameters were calculated at the eight Arctic stations, for the period from 1994 to 2006, and are presented in Figures 5  and 6 The figures omit the data recorded during the transport episodes of Asian dust and Boreal smoke particles, which will be described later. Eight multiannual sets of Sun photometer measurements were considered, carried out using the instruments listed in Table 1 .
[15] In general, the seasonality of AOD shown in Figures 5 and 6 is similar to that presented previously for the Siberian stations, i.e., higher values of AOD during the Figure 4 (left) for three AOD spectral series measured at the Ny Å lesund (Rabben/NIPR) station, using the Prede POM-02 sky radiometer [Shiobara et al., 2006] . The best fit values of exponent a are given for all the best fit lines, together with the corresponding regression coefficients (in brackets).
Arctic haze season and lower values during summer months. The data sets presented in Figures 5 and 6 show that AOD(500 nm) assumes daily mean values varying between 0.12 and 0.30 in the presence of Arctic haze. Such high AOD values are very close to those observed in the most densely populated and polluted areas of Europe and Northern America. Summer background values of AOD tend to be less than 0.1 and are often less than 0.05. The Å ngström parameters also show a seasonal pattern with a being lower during late winter through spring and higher during the summer, while b has the opposite pattern and tends to be in general positively correlated with AOD. Parameter a is sometimes subject to abrupt decreases to values appreciably lower than 1.0. This occurs when there are significant loads of coarse particles with diameters D > 1 mm, and/or when accumulation mode particles of relatively large sizes are suspended above the observation sites. These low values of a are especially noticeable in the Asian dust episodes described in subsection 2.4.1. In other cases, where values of a lower than 0.5 or having negative sign are associated with values of b comparable to those of AOD(500 nm), the AOD data are probably given by the sum of two terms due to background aerosols and thin cirrus clouds, respectively.
[16] Again, caution must be applied in interpreting the value of a, because this parameter provides valid information relating to particle size only in cases where the particle number density decreases with a constant slope as a function of the particle size, according to the Junge [1963] model. In such cases, the values of a derived by a single fit over the entire spectral range of the Sun photometer observation can be confidently used to derive the shape of the columnar aerosol size distribution curve. In the many instances, however, as with the occurrence of Arctic haze, Asian dust, aged volcanic aerosols or boreal smoke, the column aerosol size distributions are characterized by bimodal or multimodal features. The retrieval of columnar particle size distributions from spectral series of AOD (using inversion techniques like the one proposed by King [1982] ), for different values of a ranging between 0.9 and 1.7, suggests that the multimodal size distribution curve of columnar aerosols very often consists of at least two accumulation particle modes centered in the submicron aerosol range, and sometimes of a pronounced coarse particle mode [Stone, 2000] . For example, using inversion techniques, Dutton et al. [2004] showed that the Arctic haze size spectra inferred from the spectral AOD measurements made at Barrow tend to exhibit bimodal features with an accumulation mode centered at diameter D p < 0.4 mm and a mode centered at D p % 1.4 mm, consisting mostly of coarse particles.
In Situ Measurements of Arctic Haze and Summer Aerosol at the Surface Level
[17] Arctic haze has long been a subject of considerable interest and concern [Shaw, 1982 [Shaw, , 1983 Barrie, 1986] , since its source was initially uncertain and attributed to natural factors, such as ice crystals, windblown dust from riverbeds, and Asian dust transport, as supposed by Rahn et al. [1977] in studying the haze episode occurring at Barrow in spring 1976. The phenomenon is observed every winter/ spring in Alaska, as a consequence of long-range transport [Harris and Kahl, 1994] . Bodhaine and Dutton [1993] reported a decreasing trend in Arctic haze at Barrow, attributing it to diminished emissions of pollutants in Eurasia after the demise of the Soviet Union. The results of Rahn et al. [1977] demonstrated that polluted air masses can be episodically transported in spring from China over the Arctic regions. Thus, considering that the aerosol emissions are presently becoming more intense in such Asian area, it is reasonable to expect a consequent increase in the Arctic haze occurrence within a few years due to these anthropogenic sources. However, a definitive explanation for the trend has not been determined. While emission rates are certain to influence the distribution of haze, changes in atmospheric transport may also be a factor, as suggested by Jaffe et al. [1995] . In fact, atmospheric circulation in this region has undergone significant shifts in recent decades, which have resulted in increased cloudiness and warmer temperatures, but diminished snowfall [Stone, 1997; Stone et al., 2002] .
[18] Historic series of various in situ aerosol properties (i.e., spectral volume scattering coefficient s s , spectral volume absorption coefficient s a , and particle number concentration N) have been measured at Barrow since the mid-1970s [Bodhaine, 1989; Delene and Ogren, 2002] . From these direct measurements, radiatively important parameters such as single scattering albedo w o , asymmetry parameter and exponent a can be derived. In situ measurements were subsequently taken in the Arctic by other groups using the instruments listed in Table 2 . Multichannel nephelometer measurements of in situ coefficient s s and exponent a derived from these scattering measurements, are easily compared to the values of AOD and a measured along the vertical path of the atmosphere. The presence of Arctic haze is often observed in the Barrow aerosol scattering coefficient record [e.g., Delene and Ogren, 2002; Quinn et al., 2002] . The annual record of the volume scattering coefficient s s for visible light shows similar seasonality to that of AOD observed at Barrow (see Barrow archive web page, ftp://ftp.cmdl.noaa.gov/aerosol/brw/ archive/). In fact, it was observed to present both a wide maximum from December to April (Arctic haze period), with the highest monthly median of $14 Mm
À1
in January, and a large minimum in June-October, with values of less than 2 Mm À1 in June and July, as can be seen in Figure 7 [ Delene and Ogren, 2002] .
[19] The in situ Å ngström exponent calculated for the 550 nm/700 nm wavelength pair was found to range between 0.5 (most frequently in August -September) and more than 2 (in May-June) with moderate values in spring, as shown in Figure 7 . The overall annual cycle is similar to that derived from AOD measurements (Figure 5a ). Typical values of in situ a were found to be around 1.5 during the Arctic haze season [Delene and Ogren, 2002] . Evaluations of the monthly median values of w o for the visible light were found by Bodhaine [1995] to describe an annual cycle with a minimum of $0.93 in the period of higher Arctic haze occurrence (including late winter and early spring) and more than 0.97 in the summer, from July to September.
[20] Annual mean values of aerosol optical properties were also estimated by Delene and Ogren [2002] at Barrow, separately for (accumulation) particles with diameter D < 1 mm, and (coarse) particles with diameter D < 10 mm, finding (1) s s = 6.17 ± 3.61 Mm , a = 1.11 ± 0.39, and w o = 0.965 ± 0.023, for the coarse particles.
[21] Recent efforts have focused on correlating the chemical and physical properties of polar aerosols with atmospheric cycles of specific chemical species [Quinn et al., 2002 [Quinn et al., , 2007 . Analyzing a 3-year set of simultaneous measurements of aerosol chemical composition and light scattering and absorption from Barrow, Quinn et al. [2002] found sea salt and sulfate aerosol to be the dominant ionic species. The seasonal variations of the concentrations of these two species correlated with the changes in the observed submicron light scattering. Sulfate aerosol dominates submicron scattering during the springtime Arctic haze season, while sea salt is the most important component of submicron scattering in the winter due to wind-driven sea spray. In the summer sulfate and sea salt both contribute to the submicron light scattering. Supermicron scattering tends to be dominated by sea salt particles and is most important in the summertime because of the break up of the sea ice. Quinn et al. [2007] show annual cycles in polar aerosol sulfate concentrations for Barrow, Alert and Arctic EMEP sites. A peak is observed during the springtime consistent with other indicators of Arctic haze. At most of the eight sites they studied there appears to have been a significant decrease in springtime non-sea-salt (nss) sulfate since 1980 and during the early 1990s. Over the more recent period from 1997 to the present, Quinn et al. [2007] found that the monthly average values of scattering coefficient s s (550 nm) for sub-10 mm aerosols measured at Barrow show an overall increase of about 50% in March and exhibit a more stable trend in April. Correspondingly, the monthly average values of aerosol nitrate concentration were found to increase at Alert (Canada) by about 50% between the early 1990s and 2003, presumably as a result of the expansion of the offshore oil and gas industry in the Arctic.
[22] Using aethalometer measurements made at Barrow and Alert, Sharma et al. [2006] showed that equivalent black carbon (EBC) concentrations at the two sites show similar seasonal variation seen in AOD and s s at other Arctic sites. They reported values of about 100 ng m À3 at Alert and of 80-90 ng m À3 at Barrow, during the winter months, which then decreased at both sites from April to July, to assume values between 10 and 20 ng m À3 during the summer. Sharma et al. [2006] also present long-term trends in EBC over the 15 year period 1989-2003, suggesting a decrease of up to 50% in this period (2 -3% per year), very similar to the decreasing trend observed in AOD. Correspondingly, the monthly median values of w o measured at Barrow were found to present the maximum in September ($0.98) and a wide minimum from February to May, with an average value of 0.94.
[23] From sampling measurements performed in 2000 and 2001 at the Zeppelin station using a Differential Mobility Particle Sizer (DMPS), the average particle number density size distribution curve was found to be substantially bimodal in March, when the occurrence of Arctic haze episodes is rather high, with mode diameters D p % 0.04 mm and D p % 0.15 mm, respectively, and monomodal in the other months, with D p % 0.04 mm in June, D p % 0.08 mm in September, and D p % 0.12 mm in December [Ström et al., 2003] . The corresponding monthly mean values of total number concentration of particles with diameters D > 0.02 mm were found to increase gradually from less than 100 cm À3 in January to more than 600 cm À3 in June, and then to decrease throughout the summer until assuming a minimum of about 80 cm À3 in October. Monthly median values of coefficients s s and s a for the visible light, measured at the Zeppelin station from the end of 1999 to July 2005, were also considered and are presented in Figure 7 for comparison with the Barrow data. The Zeppelin site tends to have much less aerosol, as indicated by the lower values of coefficient s s . Nonetheless, the seasonal pattern for Arctic haze can clearly be observed at this very clean site, where parameter w o was found to present monthly mean values comparable to those measured at Barrow during the late spring and summer period, as can be seen in Figure 7 . In fact, it was observed to vary mainly between 0.94 and 0.98 in spring and summer, and to assume appreciably lower values in fall and winter, when it ranged between 0.84 and 0.91, presenting a marked minimum in December/January.
[24] Spectral measurements of s s were obtained at the Pallas GAW station, about 125 km northwest of Sodankylä, during the period from November 2001 to November 2004 [Aaltonen et al., 2006b ]. These in situ measurements showed considerably greater variation and the seasonal pattern was different from that typically observed at other Arctic sites. Parameter s s at the 550 nm wavelength was found to vary from 0.2 to 94.4 Mm À1 , with an yearly average value of 7.1 ± 8.6 Mm À1 , the scattering processes being dominated by submicron aerosols, especially during late summer and fall. Coefficient s s had a clear seasonal cycle, with a minimum in fall and 4 -5 times higher maximum in summer. Parameter a also presented clear seasonal patterns, with maximum values in late summer and minimum values during wintertime, indicating that well aged accumulation particles produce predominant extinction effects on the solar radiation in winter and spring, while new and/or very small particles originating from coagulation processes are optically predominant in summer. The wide seasonal dispersion of data is presumably due to the longrange transport of particulate matter from the industrialized areas of the Kola Peninsula, Scandinavia and Russia as well as from the United Kingdom and Europe, with contributions from boreal forests [Tunved et al., 2006] .
[25] Comparisons of seasonal in situ measurements of aerosol properties at various Arctic sites show evidence of different impacts from anthropogenic source regions. The western Arctic shows a reduction in the anthropogenic component, while the eastern Arctic has retained relatively high concentrations of pollution aerosol at least during winter and spring.
Case Studies of Arctic Aerosol Events That Have Regional Climate Implications
[26] Relatively small increases in the particle concentration within the polar atmosphere can cause significant changes in the atmospheric transmissivity, which is usually very high for background conditions. The consequence of enhanced aerosol loading is a perturbation of the surface energy balance. Arctic haze is the best known example of this phenomenon, but other sources of aerosol are also of interest and have climate implications. One such perturbation results episodically when dust from distant deserts is transported into the Arctic. The predominant flow is from Asia and it is referred to as Asian dust [Shaw, 1983; VanCuren and Cahill, 2002; Bory et al., 2003] . Another type of aerosol that impacts the Arctic radiation balance is the smoke generated by boreal forest fires in Siberia or North America [Forster et al., 2001; Damoah et al., 2004; Stohl et al., 2006] . Biomass burning in the Eurasian region can also affect the Arctic radiation balance. Examples of these are discussed briefly in the following sections.
Asian Dust
[27] Incursions of Asian dust have occurred in the Arctic for many years, probably sometimes confused with Arctic haze and thus not extensively investigated. There is a growing interest in identifying such events and determining what direct and indirect effects they have on the Arctic climate through radiative forcing. There is a potential for an increased mobilization of dust in source regions as drying occurs because of warming over the Gobi Desert and adjacent regions, which is expected to enhance transport of this dust into the Arctic Basin associated with changing circulation patterns in the North Pacific. An intense episode of Asian dust transport (combined with haze) was observed at Barrow in spring 1976 by Rahn et al. [1977] , who carefully analyzed the chemical composition of aerosol samples, finding that the background aerosol was pollution-derived, while the particles with diameters greater than roughly 0.4-0.8 mm were mainly crustal, the source area being identified as the Takla Makan and Gobi deserts in eastern Asia, where great dust storms frequently occur in spring.
[28] A recent study has documented one such event, quantifying the radiative effects produced by Asian dust over Barrow, Alaska [Stone et al., 2005] . During spring 2002, dust storms occurred in the Gobi Desert region of Mongolia and lofted large amounts of dust into the atmosphere, which were subsequently transported eastward in a broad plume that reached the high-latitude regions of Northern America. Some of the dust was carried aloft by upper level winds following a trajectory passing over Barrow one week later, causing an increase in AOD at visible and near-IR wavelengths, which was measured by a NOAA/GMD Sun photometer. Figure 8 presents the time series of the 1-min values of AOD(500 nm) and corresponding Å ngström exponent a measured at Barrow in April 2002. It shows that the arrival of Asian dust after 8 April caused a considerable increase in AOD(500 nm), from about 0.06 to 0.3 by mid-April. Simultaneously, a gradual lowering of a was observed from an average clean air value of about 1.4 to values close to 0.5.
[29] Because a is inversely related to the shape of the columnar aerosol size distribution (mean particle size), the low values of a shown in Figure 8 indicate the presence of larger particles, which in turn attenuate visible light very efficiently, causing the enhanced AOD(500 nm). The observations are consistent with a distribution of particles having (1) a broad accumulation mode of background particles, which alone might produce an a close to 1.4, and (2) a mode of larger (coarse) Asian dust particles. On the basis of lidar time series of backscattered light vertical profiles, the dust drifted overhead in layers having altitudes between 2 and 6 km. The size particle distribution was inferred from spectral AOD observations using an inversion algorithm [King et al., 1978] . This analysis resolved the coarse mode with a mean diameter of about 2 mm.
[30] Assuming the above size distribution characteristics and a refractive index with real part equal to 1.51 and imaginary part equal to 0.009 at visible wavelengths [Sokolik et al., 1993] , instantaneous surface-level evaluations of direct aerosol radiative forcing (DARF) during the April 2002 event were obtained using the MODTRAN TM radiative transfer model. DARF, as defined in this study, is the change in net short-wave irradiance (down minus up) at the surface for a unit increase in AOD at 500 nm. Computations were made for a set of solar zenith angles for which empirical estimates of DARF were available by way of comparison. The range in angles was sufficient to capture and evaluate forcing over the diurnal cycle. Model values were found to range from À14 to À31 W m À2 per unit AOD(500 nm), for solar zenith angles from 81°to 62°, respectively, compared with values from À16 to À38 W m À2 for measured DARF. The rather consistent evaluations corroborate and quantify a strong cooling effect produced by Asian dust on the surface energy balance of the Arctic in spring. Should such episodes increase in frequency and/or intensity and be widely dispersed, the climate impacts of Asian dust may be underestimated when making climate assessments. This cooling effect is one example of a negative feedback, when viewed in the context of global warming in response to increasing concentrations of greenhouse gases.
Smoke From Boreal Forest Fires
[31] Other episodic occurrences at high northern latitudes are fires that burn vast areas of boreal forests across North America and Siberia each spring and summer. They have potentially far greater impact than dust storms because of the vast source regions and the expected increase in their frequency, duration and intensity as boreal zones continue to warm and dry. During the summer of 2004, for instance, over 5 million hectares of boreal forests burned in Alaska and Canada. Stohl et al. [2006] showed that the arrival of the smoke plumes above Barrow, Alert, Summit and Zeppelin stations produced rather marked peaks in the 3-hour mean light absorption coefficient, which coincided with the pronounced peaks of surface CO concentration simulated by the FLEXPART model, CO being a molecular species often used as a tracer of the smoke air masses. At Barrow, 3-hour mean values of s a were found to vary mostly between 0.5 and 1.5 Mm À1 during July, with a strong peak of about 32 Mm À1 on 3 July 2004, and typical background values close to 0.1 Mm
À1
. As the smoke was transported across the Arctic, increases in absorption at both Alert (a few days later) and Ny Å lesund ($1 week later) were observed. The high values of the aerosol absorption coefficient will have had direct radiative effects, enhancing the atmospheric absorption of solar radiation.
[32] In order to obtain realistic evaluations of the DARF effects due to boreal smoke aerosols, it is necessary to know the spectral values of AOD associated with these highly absorbing aerosol particles, the size distribution, and the complex refractive index of particulate matter. Spectral measurements of AOD were carried out during July and August 2004 at Barrow, Summit and Ny Å lesund (AWI- PEV). The time series of the daily mean values of AOD(500 nm) and derived Å ngström exponent a measured at these three stations during that period are shown in Figure 9 . They present a sequence of AOD(500 nm) peaks characterized by very high values at Barrow, as can be seen in Figure 3 , which coincide closely with the peaks of surface CO concentrations modeled by Stohl et al. [2006] at the same sites, and marked in Figure 9 by means of symbols with horizontal bars. The different arrows indicate the simultaneous peaks of AOD(500 nm) measured at the three stations. Although in part limited by the presence of cloudy sky conditions on several measurement days, the three sequences clearly show that there is a delay of a few days between the Barrow and Summit peaks, while the Ny Å lesund peaks were measured about one week later. Correspondingly, the Barrow values of a were found to be mostly higher than unity throughout the whole summer period, suggesting that the fine particle fraction gave a considerable contribution to the columnar aerosol extinction of direct solar irradiance. The high concentration of fine particles was presumably due to the relative proximity of observation site and particle sources. Conversely, lower values of a were generally measured at both Summit and Ny Å lesund, possibly as a result of the particle growth occurring during the transport of the air masses over oceanic areas, from the emission regions to the observation sites, or of mixing with larger sea salt aerosols in transit. Preliminary evaluations of DARF for boreal smoke were made by Key et al. [2006] using the methods of Stone et al. [2005] . Like dust, boreal smoke was evaluated to cause a cooling effect Figure 9 . Time patterns of AOD(500 nm) and Å ngström exponent a measured at Barrow (solid circles), Summit (shaded triangles) and Ny Å lesund AWIPEV (open squares) stations, during the period of boreal smoke transport over the Arctic region. Solid, shaded and open arrows indicate the AOD peaks due to the arrival of forest fire smoke above the three stations, respectively. The same symbols with bars shown in the top part of the graph indicate the periods during which peaks of CO concentration were measured at the three stations, this molecule being assumed to be a representative tracer of the forest fire smoke [Stohl et al., 2006] . on the surface, which can be very significant, especially over the snow or ice-free surfaces prevailing over much of the Arctic by late summer. In fact, the evaluations of the surface DARF per unit AOD(500 nm) determined by Key et al. [2006] for an average case of boreal smoke, indicate that DARF can assume (1) values ranging between À45 and À18 W m À2 for solar zenith angle q s equal to 65°and surface albedo equal to 0.47 and 0.80, respectively, and (2) values ranging between À88 and À108 W m À2 for the same value of q s and surface albedo decreasing from 0.20 (tundra) to 0.02 (seawater). Thus boreal smoke is also a negative feedback that must be accounted for when making climate assessments.
Biomass Burning/Pollution Event
[33] One noteworthy pollutant transport event occurred in the Scandinavian Arctic on 2 and 3 May 2006, when daily mean values of AOD(500 nm) equal to 0.38 and 0.56 were measured, respectively. The very intense episode was caused by the massive transport of polluted air masses from Central Europe mixed with particle loads originating from agricultural fires in Eastern Europe (see Extreme transport episode web page, http://zardoz.nilu.no/~andreas/extreme_ transport.gif), during which a assumed values close to 1.7, as shown in Figure 4 , and b varied around 0.15. Simultaneously, relatively low visual range conditions of less than 20 km were observed. The volume particle extinction coefficient at the 532 nm wavelength was evaluated from lidar measurements to be close to 0.3 km À1 at the altitude of about 0.4 km, i.e., threefold higher than normally observed in other less intense Arctic haze episodes (with mean visual range of $35 km), and around 6 times higher than that measured for clean air conditions (presenting mean visual range of more than 60 km), maintaining rather stable values up to an altitude over 2 km.
[34] During the period from late April to mid-May, particle samplings were collected at the Zeppelin station with the DMPS and the Optical Particle Counter (OPC) over the 0.02 -0.84 mm and the 0.35 -6.5 mm particle diameter range, respectively. A dry particulate mass concentration of around 10 mg m À3 was measured on 27 April 2006, assuming a mass density of 1.5 g cm
À3
, while considerably higher values of around 30 mg m À3 were inferred on 2 May, and even higher values on 3 May, when peak hourly mean values of more than 50 mg m À3 were sometimes logged. The OPC data were in agreement, within 30%, with the DMPS measurements of particle number density. The chemical composition of the particulate matter was measured to vary appreciably from 23 April to 7 May 2006, with weekly mean mass percentages of sea salt of 38.7 and 9.0%, water soluble inorganic matter of 39.5 and 29.3%, water soluble organic matter of 16.5 and 50.6%, non-watersoluble organic matter of 2.9 and 8.9%, and elemental carbon of 2.4 and 2.1%, respectively. The relatively high values of the last composition parameter suggest that w o should have assumed considerably lower values than the monthly means determined in the period from 1999 to 2005 and shown in Figure 7 . The DMPS measurements showed that a shift of the mode diameter from 0.16 to 0.20 mm occurred from 27 April to 2 May in the first accumulation mode, associated with a greater than two-fold increase in the number concentration. The AOD measurements performed on 4 May 2006 at the Rabben station for real humid atmosphere conditions at the coastal site of Ny Å lesund, yield a value of a close to 1.7, confirming that accumulation particles of relatively small sizes produced optically predominant effects along the vertical atmospheric path, during this unusual haze episode. [Lilijequist, 1957] . In the 1960s-1980s, episodic measurements of the atmospheric turbidity parameters were performed using actinometers equipped with glass bandpass filters at Plateau in 1967/1968 [Kuhn, 1972] , Mirny (Russia) in 1966 -1969 and in 1979 -1984 , and Molodezhnaya (Russia) in 1977 -1980 [Radionov, 1994 Radionov et al., 2002] . More regular measurements of AOD have been inferred from global solar radiation data recorded at South Pole (USA) since 1976, employing pyrheliometers equipped with wideband interference filters (see Table 1 Table 1 .
[37] Figure 10 shows the historical series of the monthly mean values of AOD(500 nm) derived at (1) Mirny and Molodezhnaya stations, through actinometer and Sun photometer measurements performed from 1979/1980 to 2006 and from 1985 to 1989, respectively [Radionov, 1994; Radionov et al., 2002] , and (2) Neumayer AWI station from Sun photometer measurements carried out from 1991 to 2004. The time patterns of AOD(500 nm) are compared in Figure 10 with those of effective visible AOD eff derived from filtered pyrheliometer measurements performed at South Pole from 1977 to 2001 [Dutton and Christy, 1992; Stone, 2000] . The comparison offers evidence of the large variations caused by the formation of dense volcanic particle layers which were generated in the low stratosphere by the El Chichon eruption in 1982, with monthly mean values of AOD(500 nm) higher than 0.10 in the austral summer 1982/1983 [Shiobara et al., 1987; Herber et al., 1993] , and by the Pinatubo and Cerro Hudson eruptions in 1991, with values of AOD(500 nm) higher than 0.30 in the austral summer 1991/1992 . Considering the background values of AOD(500 nm) only, and omitting those measured during the field campaigns performed from 1982/1983 to 1984/1985 and from 1991/1992 to 1994/1995 , which were all strongly affected by marked volcanic particle extinction effects, the regression lines were determined for the Mirny, South Pole and Neumayer data sets, in order to verify the existence of long-term trends in the Antarctic AOD records. The regression lines were determined for absolute regression coefficients ranging between 0.91 and 0.95, with slope coefficients equal to À0.09% per year at Mirny, À0.01% per year at South Pole, and +0.03% per year at Neumayer. Therefore the findings indicate that the extinction of solar radiation produced by the columnar Antarctic aerosols has been quite stable over the last 30 years, at both coastal and high-altitude sites, apart from the strong changes caused by the volcanic eruptions.
[38] The very weak trend for the South Pole AOD(500 nm) values agrees closely with the long-term trends of some surface radiative parameters determined at South Pole from the time series of surface-level nephelometer, performed routinely by the NOAA/GMD group (see South Pole archive web page, ftp://ftp.cmdl.noaa.gov/aerosol/spo/ archive/).
Measurements of AOD and Å ngström Exponent at the Antarctic Stations
[39] Regular measurements of the spectral values of AOD have been taken during several field campaigns performed at various Antarctic sites in the past two decades, using the advanced examples of multiwavelength Sun photometers listed in Table 1 . The measurements were carried out at (1) five coastal sites (Terra Nova Bay, Mirny, Neumayer, Syowa, and Marambio), (2) a low-altitude inland site (Aboa), and (3) three high-altitude stations over the Antarctic Plateau (South Pole, Kohnen, and Dome C), during the periods defined in Table 3 . Several spectral series of AOD were recorded on each measurement day at the various sites. For each spectral series of AOD, a pair of best fit values of a and b were determined following the Å ngström [1964] best fit procedure or the two-wavelength method described in subsection 2.2. Some examples of the Å ngström procedure are shown in Figure 11 , applied to spectral series of AOD measured at the Neumayer, Kohnen and Terra Nova Bay sites, providing best fit values of a varying from 0.61 to 1.85, obtained for regression coefficients better than À0.96. Figure 11 also presents some examples of the good accuracy reached by the ISAC-CNR and AWI Sun photometers (Table 1) within all the visible and near-infrared channels, for both sea level and high-altitude atmospheric transparency conditions.
[40] From the daily sets of AOD (500 nm [Tomasi et al., 1989 [Tomasi et al., , 1991 Vitale and Tomasi, 1990; Herber et al., 1993 Herber et al., , 1996 Radionov et al., 1994 Radionov et al., , 2002 Cacciari et al., 2000; Virkkula et al., 2000; Di Carmine et al., 2005; Japan Meteorological Agency, 2006] . These values of AOD(500 nm) were found to range mainly between 0.02 and 0.06 at the coastal and low-altitude sites, presenting considerably higher values during the austral summer of 1993/1994, when appreciable columnar loadings of volcanic particles were still suspended in the Antarctic atmosphere. The corresponding values of a were widely scattered throughout the range from 0.2 to more than 2, the values lower than 0.5 being often due to the significant extinction effects produced by aged volcanic aerosol layers and associated with appreciably higher values of b than Figure 11 . (left) Examples of the Å ngström [1964] best fit procedure applied to two pairs of AOD spectral series measured at the AWI Neumayer (open symbols) and AWI Kohnen (solid symbols) stations in Antarctica, using the SP1A and SP2H Sun photometers . (right) As in Figure 11 (left), for four AOD spectral series measured at the ''Mario Zucchelli'' Terra Nova Bay station (Italy), using the UVISIR-2 (open circles and triangles), and ASP-15WL Sun photometers (open squares and diamonds) [Tomasi et al., 1989; Cacciari et al., 2000] . The best fit values of exponent a are also given for all the eight examples, together with the corresponding regression coefficients (in brackets).
those measured for background conditions of atmospheric turbidity. In fact, b assumed values ranging mainly between 0.005 and 0.04 in the absence of the Pinatubo and Cerro Hudson particle extinction, and greatly exceeded 0.04 during the austral summer of 1993/1994 at the various sites.
[41] The daily mean values of AOD(500 nm), a and b measured at the high-altitude stations of South Pole, Kohnen and Dome C are presented in Figure 14 , showing values of AOD(500 nm) ranging mainly between 0.005 and 0.03, with a varying mostly between 1.0 and 2.2, and b between 0.002 and 0.01, for cloudless sky conditions. The values of AOD(500 nm) > 0.05, which turn out to be associated with a < 0.5 and b > 0.02, are presumably given by the sum of two terms, the first due to a background aerosol loading and the latter to the presence of thin cirrus clouds not easily visible to the naked eye, or ice crystal layers often present in the Antarctic atmosphere.
[42] The sets of daily mean values of AOD(500 nm), a and b, shown in Figures 12-14 were then examined to define their overall range and evaluate their median values, separately for the nine Antarctic stations. The resulting data are given in Table 3 , and are suitable for defining average extinction models of Antarctic aerosols. The comparison between the daily mean values of AOD(500 nm), a and b measured at the three high-altitude stations and those determined at the coastal and low-altitude stations clearly shows that the values of AOD(500 nm) measured on the Antarctic Plateau are in general lower by at least 50% than those measured at the sea level sites [Vitale and Radionov, 2005] . In fact, AOD(500 nm) exhibits median values varying between 0.02 and 0.06 at the coastal sites and lower than 0.02 at the high plateau stations, while a assumed median values ranging between 0.4 and 1.1 at the coastal sites and between 1.6 and 1.7 at the Antarctic Plateau sites. Values of a > 1.5 can be assumed to indicate the optical predominance of fine particles on large and coarse particles, while values of a < 1.1 could indicate the optical predominance of the large accumulation and coarse particles. These concepts were mentioned in the previous section when discussing the spectral dependence of Arctic haze and Asian dust extinction effects on the shape parameters of the multimodal particle size distribution. Thus the evaluations of the median values of a given in Table 3 indicate that accumulation particles are in general optically predominant at the coastal sites, while fine particles produce prevailing extinction effects at the high plateau sites.
In Situ Measurements of Chemical Composition and Radiative Properties of Aerosol at the Coastal and Low-Altitude Sites
[43] The aerosol radiative properties are closely related to the origins and chemical composition of particulate matter [Hänel and Bullrich, 1978] . In Antarctica, where the relative humidity conditions of air are usually low on the austral summer clear-sky days, the water uptake of aerosol particles by condensation is generally very poor. Therefore the refractive index of particulate matter strongly depends on the dry-air mass fractions of its constituents. Considering the optical predominance of large and coarse particles at coastal sites, and of fine particles at continental sites, the chemical composition of Antarctic aerosols has been closely investigated by several groups in the recent years, to define the mass fractions of the substances forming the aerosol particles within the various size classes, at both coastal sites (Terra Nova Bay, Syowa, Neumayer, Halley) and low-and high-altitude stations (Aboa, Kohnen, Dome Fuji, South Pole).
[44] At Terra Nova Bay, Hillamo et al. [1998] carried out measurements of the mass concentrations of major inorganic ions in aerosol particles and their atmospheric precursor gases, from late January to mid-February 1995, using the instruments in Table 2 , to collect size-segregated particle samples over the 0.035 -16 mm aerodynamic diameter range. The total mass concentration of inorganic ions in aerosols was estimated to vary most frequently between 2 and 2.5 mg m
À3
, with particle size distributions usually presenting four modes: (1) a mode of Aitken nuclei and fine particles, with mode diameter D p = 0.07 mm, giving a relative mass contribution of $1% to the total mass content, in which $35% is given by non-sea-salt (nss) sulfate, $35% by chloride Cl À , $19% by ammonium (NH 4 + ) and $11% by nitrate (NO 3 À ), these particles originating mainly from biogenic sulfur; (2) an accumulation particle mode (D p % 0.30 mm) with a relative mass contribution of 14%, in which the predominant content is provided by nss SO 4 = ($72%) and lower percentages by sea salt ions (10% Cl À and 9% Na + ), NH 4 + (5%) and NO 3 À (2%); (3) a large particle mode, with D p % 2 mm and a relative mass content of 22%, in which the predominant contribution is given by sea salt ions (46% Cl À and 30% Na + ) and by SO 4 = (15%), with lower percentages by NO 3 À , Mg ++ and NH 4 + ; and (4) a coarse particle mode, with D p % 6.5 mm, yielding 63% of the total mass, which consists mainly of sea salt (53% Cl À and 33% Na + ), with $10% by SO 4 = and lower percentages of Mg ++ , Figure 13 . (a) Seasonal time patterns of the daily mean values of AOD(500 nm), exponent a and parameter b, measured at Mirny (Russia) during six field campaigns from 1993/1994 to 1998/1999 [Radionov et al., 2002] . (b) As in Figure 13a for the Sun photometer measurements taken at Syowa (Japan) during seven campaigns from 1993/1994 to 2000/2001 [Gernandt et al., 1996; Japan Meteorological Agency, 2006] . NO 3 À and NH 4 + . The results indicate that the sulfates present in the two modes of larger particles are mainly formed through reactions between sea salt and atmospheric SO 2 , the abundance of Cl À , Na + , Mg ++ and NO 3 À ions being due to heterogeneous reactions of sea-salt particles with several gaseous compounds. For the above mass composition percentages, Cacciari et al. [2000] calculated the spectral values of the real part n and imaginary part k of the columnar particulate refractive index, separately for the various modes, finding values of n ranging mainly between 1.4 (4th mode) and 1.5 (2nd mode) and values of k varying between 1.4 Â 10 À3 (4th mode) and 5.4 Â 10 À3 (3rd mode), for which w o was estimated to vary on average between 0.97 and 0.99.
[45] Observations of aerosol constituents and acidic gases at Syowa showed that sea-salt concentration decreased to background levels in summer, presenting rather high values in winter due to blizzard and strong wind effects. Particulate Cl À and Br À are liberated preferentially from sea-salt particles in summer, the molar ratio Cl À /Na + and Br À /Na + usually decreasing to less than 0.5 [Hara et al., 2004 [Hara et al., , 2005 .
[46] At the coastal site of Neumayer, the average aerosol mass concentration at the surface was estimated to be equal to 1.3 mg m À3 in the austral summer, and 1.1 mg m À3 in the austral winter. The average chemical composition of particulate mass during the austral summer was found to consist of mass percentages equal to 48% sea salt, 33% nss sulfate, 12% methane sulfonic acid (MSA), and minor fractions of nitrates, mineral dust and ammonium. Conversely, a very high average percentage of 93% sea salt was measured in the austral winter, together with low percentages of a few percents due to nss sulfate, nitrate, MSA, ammonium and mineral dust [Minikin et al., 1998] . A high correlation between nss sulfate and MSA concentrations was found on examining the time series of surface concentrations of the two substances, as recorded from 1983 to 1996, which are characterized by regular sequences of pronounced peaks in the austral summer months, both these biogenic sulfur aerosol components being atmospheric products of the dimethyl sulfide (DMS).
[47] Aerosol black carbon (BC) concentration was regularly measured by Wolff and Cachier [1998] . This parameter followed a clear seasonal cycle, with a wide minimum from March to August ($0.6 ng m À3 ), and an overall maximum of $1.5 ng m À3 in the period from October to February. The values were slightly higher than those recorded at South Pole. It is important to notice that they follow a pattern similar to that observed at South Pole as well as to that of mineral dust at Neumayer, suggesting that the BC concentration measured at Halley is actually controlled by the timing of biomass burning in the tropics, strongly modulated by the efficiency of transport to Antarctica.
[48] The chemistry of sea salt was also studied in depth at the low-altitude station of Aboa, about 150 km from the Atlantic coast in Queen Maud Land, through aerosol sampling measurements performed routinely from December 1997 to February 1998, using the instruments listed in Table 2 [ Kerminen et al., 2000; Teinilä et al., 2000; Koponen et al., 2003] . Sea salt particle concentration presented considerably lower values than those commonly measured at Terra Nova Bay and Neumayer. The average particle size distribution curve had multimodal features in most cases, throughout the particle diameter range from 0.045 to 15 mm, consisting in general of five principal modes: (1) (16%), nss sulfate (14%), MSA (5%) and NH 4 + (2%). Thus more than 60% of the overall content of sea salt ions was detected in the supermicron size range, with higher percentages in the large particle mode. By contrast, the sea-salt particles displayed a large chloride loss with respect to the bulk seawater in the submicron range, mainly caused by primary ions like sulfate, nitrate, and MSA. Here, within the range of the submicron particles, the biogenic sulfur compounds were estimated to contribute by more than 90% to the aerosol mass concentration, while they compose on average only 30% and 50% of the coarse and large accumulation particle mass, respectively. These results were substantially confirmed by the Aboa measurements performed by Virkkula et al. [2006a] in January 2000, using a 12-stage low-pressure impactor, which defined the presence of both sea salt and nitrate modes centered at diameters D p equal to 0.8 mm and $3 mm for sea salt, and D p equal to 1.2 mm and $3 mm for nitrates, respectively.
[49] Applying both optical and chemical methods to these field measurements of the particulate composition, Virkkula et al. [2006b] found that the size-fractionated real part n of refractive index assumed an average value of 1.557 in the size range 8.5 D 15.0 mm, and decreased gradually with D to reach average values of 1.511 for 1.06 D 1.66 mm, 1.458 for 0.23 D 0.34 mm, and 1.505 for 0.045 D 0.086 mm. Parameter n of submicron aerosols was estimated to vary as a function of wavelength, being equal to 1.467 ± 0.039 at 450 nm, 1.454 ± 0.040 at 550 nm, and 1.460 ± 0.063 at 700 nm, for k = 0, excluding two nucleation episodes presenting anomalously low values of n, which lowered the above average values by about 0.02. However, a value of k no higher than 10 À2 would have been more realistic, considering that (1) the Aboa aethalometer measurements of the submicron BC concentration were calculated assuming the mass absorption efficiency of 14 m 2 g
À1
, and (2) about 93% of the observed values of w o were evaluated to be higher than 0.95, with only 3.5% of values lower than 0.90. Thus the above evaluations of the real part n should be only slightly underestimated, by no more than 1%.
[50] On the basis of the above results, it appears credible that the fine and accumulation particle modes are characterized by prevailing radiative properties due to sulfates and MSA, while the large accumulation and coarse particle modes should be characterized by the predominance of the sea salt and nitrate radiative properties.
In Situ Measurements of Chemical Composition and Radiative Properties of Aerosols at the High Plateau Sites
[51] The mean ionic composition of aerosol at Kohnen was measured by Piel [2004] , finding average values of the relative mass percentages equal to $70% nss sulfate, 10% MSA, 8% NO 3 À , 3% Cl À and 7% cations, during the austral summer. The sea salt aerosol concentration was lower by an order of magnitude than that measured at the coastal sites. These results were confirmed by Hara et al. [2004] , who found that the background summer concentration of Na + at Dome Fuji was on average equal to $0.4 nmol m
À3
, against a mean value of around 4 nmol m À3 measured at Syowa. In fact, the prominent role in aerosol formation is played at the high-altitude sites by the biogenic sulfur compounds and not by sea salt, a high correlation existing between nss sulfate and MSA concentrations [de Mora et al., 1997] . The two biogenic sulphur products account for about 80% of the total aerosol mass, indicating that the Antarctic Plateau atmosphere is strongly influenced by the subsidence of aerosols from the free troposphere, during long-range transport [Bigg, 1980] . As a consequence of the prevailing amount of the two biogenic sulfur products, the high plateau aerosols show a high acidity, leading to large fractions of gas phase chloride (with 70-88% of HCl) and nitrate (with 53-67% of HNO 3 ).
[52] The monthly mean values of parameters s s for the visible light and exponent a were evaluated from the series of daily measurements performed by NOAA/CMDL at South Pole, from 2003 to 2005, using the instruments listed in Table 2 . They are presented in Figure 15 (South Pole archive web page, ftp://ftp.cmdl.noaa.gov/aerosol/spo/ archive/), indicating that coefficient s s varied between 0.2 and 0.6 Mm À1 during the austral summer, and between less than 0.1 and more than 0.8 Mm À1 in the austral winter, describing a seasonal cycle with a marked maximum from July to September. The present results turn out to be appreciably higher than the monthly medians measured by Bodhaine [1995] in 1987. At the same time, exponent a was found to assume values higher than 2 in the austral summer and mainly ranging between 1.5 and 2 in the austral winter, in accordance with the Bodhaine [1995] results. Both parameters exhibit a marked year-to-year variability, presumably related to the frequency of the sea salt aerosol transport episodes from the coastal regions to continental Antarctica.
[53] In examining these results, it is important to bear in mind that the transport processes from the coastal regions of Antarctica can also involve air masses from midlatitude regions, generally containing significant loads of particulate matter generated by biomass burning and tropical forest fires. Wolff and Cachier [1998] evaluated that the yearly mean value of BC concentration at South Pole is equal to 0.6 ng m
, presenting a maximum of about 1.5 ng m À3 in January and a wide minimum of 0.2-0.3 ng m À3 from March to July. Thus the columnar aerosol loading observed at South Pole during the austral summer is estimated to consist mainly of fine sulfate aerosols, giving values of the real part n of refractive index ranging mainly between 1.50 and 1.58, with a mean value of 1.54 [Hogan et al., 1979] , together with values of k < 10 À2 at the visible wavelengths. Correspondingly, the austral summer values of w o were found to range mainly between 0.94 and 0.99, with an annual mean value of 0.97 [Bodhaine, 1995] . In fact, the intrusions of sea salt aerosols are observed only occasionally at South Pole, when particularly intense storms reach the interior from the surrounding ocean regions [Bodhaine, 1992 [Bodhaine, , 1996 . In such cases, clear signatures distinguish the air masses carrying coarse (sodium) and small (sulfate) particles, with sodium concentration peaks associated with flow from the Weddell and Ross sea regions [Shaw, 1988] . By contrast, rather high summertime values of a are usually found, which can be explained in terms of the optical predominance of the fine sulfate particle mode [Bergin et al., 1998 ].
[54] The present analysis of the chemical composition characteristics and radiative properties of Antarctic aerosols measured at coastal and continental sites leads to the conclusion that large differences exist between the columnar aerosol contents of the coastal and high-altitude stations. In particular, the coastal sites turn out to be strongly influenced by the surrounding ocean and, hence, the aerosol size distributions exhibit usually a strong component of large sea-salt particles during the austral summer. Conversely, the Antarctic Plateau stations are most frequently influenced by the subsidence of aerosols from the free troposphere, associated with long-range transport processes [Bigg, 1980] and are, consequently, characterized by prevailing contents of fine nss sulfate and MSA particles [Hara et al., 2004] . Here, sea-salt aerosols are expected to present relevant concentrations at South Pole only when marine air is transported above the station by large storm systems [Shaw, 1988; Bodhaine, 1992] .
Characterization of the Polar Aerosols
[55] The above results clearly suggest that polar aerosol can be characterized by large variations in their optical, physical and chemical composition parameters, causing a wide variety of particulate radiative properties throughout the year. Because the variable radiative effects caused by aerosols can influence the energy balance of the surfaceatmosphere system quite significantly, there is a need to improve the optical parameterizations of the diverse aerosol species present in polar regions in order to quantify their radiative effects with greater accuracy.
[56] To provide evidence of the relationships between the size distribution features and the spectral characteristics of aerosol extinction, the daily mean values of Å ngström's exponent a are plotted as a function of the corresponding values of AOD(500 nm) in Figures 16a and 16b , for the various polar aerosol classes found here to be present in the Arctic and Antarctic atmosphere. Although characterized by a large scatter of data, the plot of the Arctic data in Figure 16a shows that there is a general tendency for exponent a to decrease as parameter AOD increases, presenting (1) a large variability in the background aerosol, Figure 16a , for different classes of columnar Antarctic aerosols, cirrus clouds and ice crystal layers of various optical depth. The ice crystal class also includes cases of ''diamond dust'' present near the surface, often observed at the South Pole under clear skies [Town et al., 2005] .
dense aerosol and Arctic haze data, measured at eight stations; (2) values closer to unity in the Asian dust cases observed at Barrow, and in the boreal smoke cases, measured at Barrow, Summit and Ny Å lesund; and (3) values appreciably lower than unity in the aged volcanic aerosol data measured from 1991 to 1994. In particular, the data pertaining to the background aerosol, dense aerosol and Arctic haze classes were found to differ considerably, since they were grouped within different intervals of AOD but cover the same range of a, extended from 0.5 to more than 2. Cirrus clouds were found to constitute a well defined cluster, in which the values of a are in general low and mainly close to zero, corresponding to values of AOD(500 nm) falling in the majority of cases within the 0.0 -0.2 range. To illustrate the variable dependence features, Delene and Ogren [2002] showed that a similar relationship also exists between the aerosol radiative parameters measured at the surface level, i.e., parameter a measured on the basis of nephelometer measurements of the volume scattering coefficient s s at the 550 and 700 nm wavelengths, and volume scattering coefficient s s at the surface for visible light. In fact, the measurements of a performed at Barrow were found to decrease considerably from more than 1.2 to less than 0.7, as s s increased gradually from 10 to 50 Mm À1 .
[57] As pointed out in sections 2 and 3, great caution is required in interpreting the variations in a from one aerosol class to another, in terms of changes in the shape parameters of the columnar particle size distribution. However, bearing in mind that the relationship between AOD and a is based on the concepts expressed by the Mie theory, exponent a is expected to be very sensitive to the variations in the relative amount of submicron scattering aerosols and, hence, capable of indicating the increase in the vertical content of large accumulation and coarse particles. Therefore parameter a can be very useful in evaluating the intensity of the extinction effects caused by the large and coarse aerosol particle modes or, in cases of cloudy sky measurements, by precipitating crystals.
[58] The analysis of the surface-level sampling measurements of aerosol particles performed by Hillamo et al. [1998] at Terra Nova Bay and by Teinilä et al. [2000] at Aboa clearly demonstrated that the Antarctic aerosol size distributions are in general multimodal. Since it is well known that columnar aerosol is mainly suspended within the first kilometers of the atmosphere [Shaw, 1982] , it can be assumed that the number density size distributions of columnar aerosol are more frequently multimodal rather than smoothed (i.e., decreasing gradually as a function of particle diameter throughout the submicron and supermicron size range), as suggested by the Junge [1963] model.
[59] Figure 16b shows that the daily mean values of AOD(500 nm) and a determined at the Antarctic coastal sites differ appreciably from those measured at the high plateau stations. The two parameters cover two distinct intervals, since a varied from nearly null values to about 2.0 in the coastal cases, and mainly between 0.5 and more than 2.5 in the high plateau cases, while the AOD values measured at the coastal sites were usually more than twice those observed on the Antarctic Plateau. The volcanic data were found to be widely scattered, since they pertain to the entire decay period of the Pinatubo and Cerro Hudson particles, from their formation in the stratosphere to their vanishing. During this phase of about 2-3 years, AOD tended to decrease slowly and the multimodal size distribution curve of volcanic particles to evolve with time, since the coarse particle modes became gradually more stable with a slight decrease in number concentration, and the submicron modes changed rapidly in both shape and number concentration during the growth period of these particles. However, it is worth noting in Figure 16b that a decreased slowly during the aging period, until gradually clustering around a value close to 0.5, while AOD(500 nm) correspondingly decreased to assume values of around 0.15 during the final evolutionary stage. The high values of a found for relatively low values of AOD(500 nm) can be easily explained, considering that they are given by the sum of two contributions: (1) the former, due to the volcanic particles growing with age and, hence, presenting in general rather low values of a, and (2) the latter, due to the background tropospheric particles, characterized by generally high values of a and lower values of AOD. The plot in Figure 16b also shows that two clusters are formed by the data sets of the thin cirrus clouds and small ice crystals, the latter often raised by the action of strong winds on the iced surfaces that surround the high plateau stations.
[60] Figures 16a and 16b offer an example of how to characterize polar aerosols, showing that Å ngström exponent a tends in general to decrease gradually as AOD(500 nm) increases, roughly defining a nonlinear relationship between the two parameters [Stone, 2002] . Under pristine conditions, represented for instance by the background Arctic aerosol data and the Antarctic aerosol data taken at the high plateau stations, AOD(500 nm) most frequently has very low values gathered within a very narrow range, these measurements being collected near the lower limit of the Sun photometer sensitivity.
[61] The present characterization of the radiative properties of polar aerosols illustrated by Figures 16a and 16b can be conveniently completed by determining the spectral patterns of real and imaginary parts of the particulate refractive index, for the various Arctic and Antarctic aerosol classes identified in the present study, together with the corresponding spectral curves of single scattering albedo. Table 4 shows the aerosol classes considered for these calculations, together with the average values of AOD(500 nm) and exponent a determined for each class by examining (1) the data sets shown in Figures 5, 6 , 8, 9 and 16a for the Arctic aerosols; (2) those presented in Figures 12-14 and 16b for the Antarctic aerosols; and (3) the evaluations of the median values of these parameters given in Table 3. The following procedure was then followed to determine the radiative parameters, consisting of three steps:
[62] 1. The particle size distribution curves were assumed to be monomodal in all cases with a > 1.25 (i.e., in models 1 and 8 -11 in Table 4 ) and bimodal for the other seven cases, with a 1.25. In the latter, the first mode contains predominantly fine and small accumulation particles, and the second consists mainly of large accumulation and coarse particles. To define these size distribution curves, the lognormal curves of the 6S radiative transfer code [Vermote et al., 1997a [Vermote et al., , 1997b were used, with mode diameters equal to 0.01 or 0.02 mm in the first mode and equal to 0.60 or 1.00 mm in the large/coarse particle mode, the choice of the mode diameters being limited by the low number of subroutine Using the 6S Code Subroutines [Vermote et al, 1997a [Vermote et al, , 1997b Model Table 4 were defined, taking into account the results obtained at different Arctic and Antarctic sites, described in subsections 3.3 and 3.4. Using the 6S aerosol subroutines describing the four basic aerosol components defined by WMO [1983] , the mass percentages given in Table 4 were determined for the four 6S components. The Arctic aerosol models were based on the Barrow and Ny Å lesund/Zeppelin results described in the present paper, and the Antarctic aerosol types were characterized separately for the various sites, taking into account the chemical composition mass fractions found at Terra Nova Bay, Neumayer, Halley, Aboa, and Kohnen (models 6-9 in Table 4 ). The composition of model 10 relative to Dome C was assumed according to the Six et al. [2004] results, defining a mix of 70% sulfate and 30% sea salt. Model 11 relative to high plateau sites was determined on the basis of the OPAC code assumptions [Hess et al., 1998 ], with mass fractions of 91% sulfate, 4.5% sea salt, and 4.5% mineral dust. In addition, the aged volcanic aerosol model was defined in Table 4 , relative to both Arctic and Antarctic regions (model 12), based on a bimodal size distribution curve defined in accordance with the results found by Stone et al. [1993] and Pueschel et al. [1993] . The volcanic particles were assumed to consist of 75% sulphuric acid and 25% liquid water [Rosen and Hofmann, 1986] , with spectral values of the complex refractive index given by Palmer and Williams [1975] and Irvine and Pollack [1968] , respectively. A thin cirrus cloud model was also defined, represented using a wide lognormal curve of large ice crystals and the ice refractive index data given by Irvine and Pollack [1968] to calculate the values of single scattering albedo.
[64] 3. Once the radiative properties of the various modes were established, the number density concentrations were determined only for the bimodal models, by varying in each case the number concentrations of the two modes until fitting the value of parameter a established in Table 4 .
[65] The spectral curves of n(l), k(l) and w o (l) determined for the 12 models given in Table 4 are presented in Figure 17 , where they are also compared with those determined for the above cirrus cloud model, and the values of n(l) measured by Virkkula et al. [2006b] at Aboa, excluding some nucleation episodes. The latter turn out to be lower than all the Antarctic coastal and high plateau aerosol models defined in Table 4 , as can be seen in Figure 17 . The evaluations of n(l) were found to range from values close to 1.30 (cirrus clouds) to values higher than 1.52 (Antarctic inland and high plateau aerosols, models 8 and 11), while the imaginary part assumes (1) very low values for model 12 (aged volcanic aerosols) and thin cirrus clouds; (2) higher values, ranging from 10 À3 to 10
À2
, for the majority of the Arctic and Antarctic aerosol models; and (3) values higher than 10 À2 for models 3 (Arctic haze) and 5 (boreal smoke). Consequently, w o (l) was found to assume values close to unity for the thin cirrus clouds and model 11 (Antarctic high plateau, OPAC). The values of w o found for model 11 do not agree with the estimates performed by Bodhaine [1995] , who found values of w o varying between 0.94 and 0.99 during the austral summer. This is probably due to the fact that the OPAC code totally neglects the presence of soot substances in the Antarctic aerosols, in contradiction with the Bodhaine [1995] Table 4 . The results obtained for these models are compared with those found for the thin cirrus cloud model (solid stars) and with the spectral values of n(l) determined by Virkkula et al. [2006b] at Aboa, excluding the nucleation episodes, for a null value of k (shaded circles) (the relative standard deviations varying between 2.7% and 4.3%). As can be seen, the Aboa measurements agree closely with those of the Antarctic coastal aerosol observed at Neumayer (model 7 in Table 4 ).
Assuming the presence of a background content of soot particles, with a mass fraction of 1%, values of w o varying from 0.88 to 0.85 were obtained at the visible wavelengths, showing that the choice of the absorbing substance mass fractions within a few percents is crucial for determining the single scattering albedo characteristics. However, the values of w o , found for two values of k equal to null and 7 10 À3 in the visible, turn out to be both consistent with the evaluations achieved by Höller et al. [2003] during the ACE-Asia experiment, who defined a very wide range of this quantity, from 0.65 to 0.95, for Asian dust transported toward Japan. The present values of w o obtained for boreal smoke (model 5) are not too low, if one considers that they contain in general relevant percentages of absorbing particles.
[67] The results shown in Figure 17 can be useful for calculating the direct aerosol radiative forcing at the surface and at the top of the atmosphere (TOA). As pointed out in subsection 2.4, evaluations of instantaneous DARF at the surface occurring during particular episodes of Arctic aerosol transport are suitable for determining the relevant effects of polar aerosols on the Earth's climate, which have been almost completely neglected in the past. Evaluations of the direct aerosol-induced radiative forcing DF" at TOA can be correctly evaluated using the present results: on the basis of AOD and a measurements carried out at Terra Nova Bay from 1987/1988 to 1993/1994 , and of the multimodal chemical composition results found by Hillamo et al. [1998] , Cacciari et al. [2000] calculated the instantaneous values of DF" at TOA as a function of the solar zenith angle q s , using the different isotropic surface reflectance models derived by Lupi et al. [2001] from spectral measurements of surface short-wave reflectance performed at various Antarctic sites. For values of AOD(500 nm) ranging mainly between 0.03 and 0.07, the change DF" in the upwelling flux of short-wave radiation at TOA was mainly estimated to vary (1) between À1 and À3 W m À2 in cases where the surface albedo is lower than 0.3 (sea and snowfree land areas) and (2) between +0.7 and +1.7 W m À2 in cases where surface albedo is higher than 0.7 (over the inland areas of Antarctica). These evaluations furnished estimates of the forcing efficiency varying from À20 to À35 W m À2 for surface albedo equal to 0.30, and from +20 to +50 W m À2 for surface albedo equal to 0.7, indicating that the same columnar aerosol loading can induce cooling effects over the oceans and atmospheric warming effects over the continent.
[68] However, more accurate evaluations of both DARF at the surface and DF" at TOA are required in the polar regions, based on (1) precise measurements of the aerosol radiative properties examined in the present paper and (2) realistic models of anisotropic reflectance from the polar surfaces, appropriately represented in terms of Bidirectional Reflectance Distribution Function (BRDF) models [Ricchiazzi et al., 2005] . On both these aspects, great benefit could be obtained from satellite observations, useful also for validating the calculations of the radiative aerosol-induced forcing effects and the field measurements of the columnar aerosol radiative parameters. Moreover, satellite observations could contribute to achieving more extensive monitoring in space of the spectral values of AOD and a, which are routinely measured at only a few Sun photometer stations in the polar regions. In fact, values of AOD can be retrieved from satellite data within the visible and near-IR channels (like those of MODIS/Terra and Aqua) also in some polar areas. Thus a continuous and systematic validation of the satellite data could be performed through regular comparisons of these retrieved values of AOD with the ground-level measurements of AOD taken at some remote sites. Realistic evaluations of parameter a can be obtained from the satellite images furnished by sensors such as ATSR-2 mounted on board ESA's ERS-2 spacecraft [Robles González et al., 2003] , which could be compared with the measurements of a performed at some Sun photometer stations in the Arctic and Antarctica, following some standard procedures in analyzing the spectral data of AOD. In addition, direct measurements of short-wave, longwave and window radiative upwelling fluxes derived from satellite observation taken by sensors such as CERES mounted aboard the Terra, Aqua and TRMM missions, could be usefully employed to verify the reliability of the TOA radiative forcing calculations provided by radiative transfer models.
[69] Thus nadir observations of polar orbiting imaging spectral radiometers in the visible and near-IR wavelength range are suitable for use in determining the spectral characteristics of AOD. Two different techniques could contribute to aerosol monitoring: (1) single view nadir scans over open water regions, as obtained by instruments like MODIS, MERIS, and SeaWiFS, and (2) dual-(or multi) view observations over snow and ice, as made by MISR, AATSR, and ATSR-2. The generally low values of AOD observed in the polar regions require an improvement in the accuracy of the retrieval methods. Therefore both approaches need to be adapted to polar regions, because the standard procedures do not consider the specifics of polar conditions: spherical atmosphere, refraction, Arctic vertical profile conditions, mostly non-Lambert surface conditions, and many other atmospheric transparency parameters, like those relative to Rayleigh scattering and gaseous absorption.
Conclusions
[70] The present comparison between Arctic and Antarctic data offers evidence of the considerable differences characterizing the radiative properties of the respective aerosols. It is true that for polar clean air, columnar aerosols in both regions consist of a mix of very small particles, mainly of marine origins. However, very different columnar loadings and chemical composition characteristics were found more generally in the two polar areas. About 90% of the world's industry is in the Northern Hemisphere, much of it at relatively high (50 -60°N) latitude and the atmospheric turbidity conditions are frequently subject in winter and spring to strong changes due to haze and dust transport episodes [Shaw, 1982] . Thus the Arctic is not the pristine region it is often thought to be, the sudden variations in the atmospheric turbidity characteristics causing considerable perturbations on the radiation balance of the atmosphere over regional scales. Coastal and high plateau aerosols in Antarctica are quite different in amount and chemical composition, since coastal aerosols are strongly influenced by marine aerosols, while continental aerosols are only weakly and episodically influenced by loadings of sea salt particles, containing a predominant fraction of small-size aerosols, whose presence is favored by subsidence processes from the free troposphere.
[71] The direct radiative impact of polar aerosols at the surface and at TOA need to be studied more closely through both theoretical studies on the aerosol radiative properties and measurements of the surface reflectance characteristics. The verification of the theoretical results requires the continuous monitoring of aerosol optical properties in conjunction with surface radiation budget measurements. In particular, aerosol properties obtained from in situ measurements should be compared with those provided by Sun radiometers along the Sun path and photometer techniques at the surface, and the two techniques could be combined to integrate the radiative effects of aerosols along the entire atmospheric column. Multispectral AOD measurements, such as those planned by the POLAR-AOD IPY program will provide a valid contribution in developing such verification activities.
[72] The large differences in AOD observed in polar records highlight the importance of assimilating analogous data from other sites to better characterize aerosols spatially and temporally. Figures 16a and 16b illustrate the potential value of assimilating data from various sites to provide an indication of how aerosols differ from pole to pole and, in the case of Antarctica, from coastal sites to the high plateau stations. Using ancillary data, primary trajectory analyses [Harris and Kahl, 1994] , source regions of different aerosols can be identified and different species can be classified according to their spectral signatures. In order to investigate more thoroughly the radiative effects induced by columnar aerosol polydispersions of different origins on the radiation balance of the polar surface-atmosphere system, the POLAR-AOD IPY Programme plans to achieve more homogeneous evaluations of the AOD spectral series and the related radiative and chemical composition parameters of Arctic and Antarctic aerosols. For this purpose, advantage will be gained from the multiannual experience of the POLAR-AOD groups and the availability of advanced instruments with which long-time series of measurements have been and will be performed at the network stations in both polar regions.
[73] Exploiting the expertise and the potentialities of the various POLAR-AOD groups, the objectives of this IPY program will be pursued through the various activities planned during the International Polar Year.
[74] 1. Deploying advanced Sun and star radiometers to attain a more extensive monitoring of AOD, also by opening new Sun photometer and radiometer stations, such as Eureka (80°00 0 N, 85°49 [75] 2. Performance of regular calibration campaigns for a rigorous intercomparison among the various Sun photometers employed by the POLAR-AOD groups, to obtain more homogeneous evaluations of the total atmospheric optical depth at various wavelengths. A first workshop was held at Ny Å lesund in early spring 2006, providing preliminary results [Shiobara et al., 2006] and offering the opportunity of checking the accuracy of the AOD measurements given by all the Sun photometers of the POLAR-AOD network. The accuracy performances were estimated to be of $0.01 at the 500 nm wavelength for the majority of the Sun photometers [Shiobara et al., 2006] and, hence, to satisfy the WMO requirements.
[76] 3. Defining more precise spectral values of Rayleigh scattering optical depth, calculated at the various visible and near-IR wavelengths, for the thermal and moisture conditions normally observed in the polar atmosphere, and using these improved evaluations to correct the total atmospheric optical depth and determine the spectral values of AOD.
[77] 4. Determining realistic absorption models used together with routine measurements and model evaluations of the columnar contents of ozone, nitrogen dioxide, oxygen dimer and water vapor, to correct the spectral measurements of the total atmospheric optical depth for absorption effects.
[78] 5. Adopting consistent procedures to achieve homogeneous calculations of the Å ngström turbidity parameters.
[79] 6. Improvement of the aureole sky radiometer techniques for the determination of the sky brightness in almucantar, leading to more reliable evaluations of the real and imaginary parts of the particulate refractive index of columnar aerosol and the other radiative parameters (phase function and asymmetry factor).
[80] 7. Determining more realistic models of anisotropic surface reflectance to represent the different surface albedo characteristics of sea and land polar regions, such as those defined by Ricchiazzi et al. [2005] in terms of BRDF models.
[81] 8. Defining appropriate radiative transfer models to calculate the direct radiative forcing induced by polar aerosols at the surface (DARF) and at the top of the atmosphere (TOA) for different BRDF representations of surface reflectance in polar areas.
[82] 9. Analyzing satellite images to achieve a better spatial and temporal coverage of the polar regions, through the retrieval of aerosol parameters and their validation through the ground-based measurements performed at the POLAR-AOD stations, thus attaining a more complete picture of the aerosol radiative properties and the direct aerosol-induced forcing effects at TOA.
[83] 10. Development of systematic in situ measurements of the physical and radiative aerosol parameters, for a better assimilation of the aerosol composition data at the various sites and a more complete characterization of the polar aerosols on the spatial and temporal scales.
